[P lates [1][2][3][4] A prelim inary stu d y of sorbic acid has shown th a t th e monoclinic u n it cell contains eight molecules, these being linked in pairs by hydrogen bonds ab o u t th e sym m etry centres of th e crystal, w ith th e long chain axis of th e molecule in or n ear to th e (010) plane an d inclined a t betw een 10° and 15° to th e a axis in th e obtuse angle /?. The m olecular chains m u st be ro ta te d so as to bring some of th e atom s ou t of th e (010) plane, and an approxim ate m easure of this ro ta tio n is provided by m easurem ents of optical and m ag netic anisotropy, which give + 35° as th e angle betw een th e b axis and th e norm al to th e m olecular plane. The m agnetic anisotropy due to resonance in th e conjugated carbon chain is ab o u t h alf as large as th a t in th e benzene ring and falls into line w ith previous observations on non-cyclic conjugated com pounds. The o rientation of th e molecules has been confirmed by observa tion of th e size and shape of th e diffuse spots occurring on well-exposed Laue photographs tak en w ith rad iatio n from a copper targ et, and th e useful ness of these photographs as a secondary m ethod of stru ctu re determ ination has been em phasized.
* Introduction
Sorbic acid, CH3.CH : CH .CH : CH .COOH, is of particular interest because it is probably the simplest case of a compound containing an open conjugated chain which is readily obtained in single crystals at ordinary temperatures. Moreover, the related hydrocarbon CH2 : C H . CH : CH2, 1*3-butadiene, is one basis of an artificial rubber, and any information as to the configuration and physical properties of the chain is bound to be useful in that connexion. Theoretical considerations (Pauling and Sherman 1933) and some experimental evidence (Mulliken 1939a ) indicate th at butadiene molecules have a plane, t r a n s -c onfiguration. The tion data (Schomaker and Pauling 1939) are said to be 'not incompatible with a mixture of cis and (predominantly) trans molecules', the following parameters being given: C-H = 1-06A (assumed), C =C = 1*35± 0-02A, C-C = 1-46 + 0-03 A, angle C =C -C =124° + 2°; while later absorption [ 43 ] data indicate the possible presence of 20 % molecules (Mulliken 19396) . The theoretical values given for the double and single carbon to carbon bonds in this substance a re : (Lennard-Jones 1937) : C-C = 1-41 A, C = C = 1*34A ; (Penney 1937) :
C-C = 1-43 A, C =C = 1-34A.
The X-ray method, used to its full power, is capable of giving very exact information as to the atomic distances and angles in molecules, when suitable single crystals are available. In the following paper, a preliminary structure is outlined for sorbic acid. I t is hoped to refine the structure a t a later date by Fourier series methods, and to obtain precise measurements of the bond lengths in the conjugated chain.
The existence of conjugation, or resonance, implies the presence of electrons whose density is spread over molecular orbitals, embracing several nuclei. These large plane electronic orbits give rise to an additional dia magnetic susceptibility normal to the plane of the molecule. Only in the case of cyclic conjugated compounds is there a satisfactory theoretical discussion of this effect (London 1937) , but the effect has been observed in a number of open chain compounds also (Lonsdale 1939) . Since T3-butadiene is a gas, the magnetic anisotropy of its molecules cannot be directly observed, but measurements are given here of the anisotropy of crystalline sorbic acid, and the anisotropy of the molecule itself is deduced.
I t has been found that Laue photographs of sorbic acid, if taken with X-rays containing a large proportion of Cu Ka, and well exposed, show, in addition to the normal Laue spots, a great many diffuse spots of a totally different character (plate 1). The cause of these diffuse spots is a t present the subject of discussion (Preston 1939; Zachariasen 1940; Ram an and Nilakantan 1940; Raman and N ath 1940; Bragg 1940 ), but it is clear from the photographs th at the shape and size of the diffuse spots are intimately related to the structure of the crystal and th a t a study of such spots may prove a useful secondary method of structure determination.
Crystal data
Sorbic acid: C6H80 2; M = 112; melting-point 134°*5C; density calcu lated, 1T87; measured, 1*204 at 19°/4°. Monoclinic, = 20*00 + 0*05, 6 = 4*03 ± 0*02, c = 15*83 + 0*03 A, /? = 102°*5.
reflexions absent when (h + k) is odd, (hOl) absent when h or l is odd; space group, Cf 6 ii (Cc) (monoclinic hemihedry) or C\h 6 ii (C 2 (monoclinic prismatic). Eight molecules per unit cell; no molecular symmetry. Volume of the unit cell, 1246A3. Absorption coefficient for X-rays, A = 1*54, ^= 8 -5 1 per cm. Total number of electrons per unit cell = F (000) = 480. Optically positive; a,'-,j3 < y ;a along b, (3 nearly along c, and y nearly perpendicular to (100).
Experimental X -ray work
The crystals used in this work were obtained from acetone solution in the form of small laths, with the b axis along the length of the lath. Rotation and moving film photographs were taken, with Cu Kcx, radiation, about the three crystallographic axes and various cell diagonals. These showed th at the body diagonal was normal, but the presence of an identical molecule was disclosed at the centre of the (001) face, a periodicity of 10T7 A being found along this diagonal instead of the calculated value of 20-40 A. This confirmed the general halvings observed on the moving film photographs reported above.
Of the two possible space groups, Q\h (C 2/c) in the prismatic class seems the most probable, as the crystals show no sign of hemihedry and the unit cell is found to contain the eight (asymmetric) molecules which are necessary to complete the symmetry of the group C 2/c. This space group is confirmed by the results of the structure analysis given below.
For the intensity measurements, small specimens of between 0-05 and 0-1 mg. weight were selected, and moving-film photographs were taken with long exposures on series of superimposed films (de Lange, Robertson and Woodward 1939) . This arrangement enabled the intensities to be recorded and measured on the integrating photometer over a range of about 2000 to 1. The shape of the crystal specimen was taken into account, and approximate absorption coefficients were calculated for each reflexion.
The absolute values of the structure factors were obtained by comparison with a diamond standard on the two-crystal moving-film spectrometer. Sorbic acid crystals are slightly volatile, and so the specimen employed for the absolute measurements (a small specimen completely bathed in the radiation) was weighed immediately after making the exposure. Its mass was 0-046 mg.
Structure analysis
I t seemed likely on general grounds that the sorbic acid molecules would be associated in groups of two by hydrogen bonding between opposite carboxylic oxygen atoms, as in the stable formic and acetic acid dimers. The conjugated chains may intensify this effect and will in any case main tain the molecules in fairly rigid planar configurations. I t also seemed 46 K. Lonsdale, J. Monteath Robertson and I. Woodward probable th at the dimers might form a series of centro-symmetrical units in the crystal.
These expectations are confirmed by a study of the cell dimensions and structure factors. The short b axis and the long a and c axes indicate th a t the molecular chains must lie mainly in the (010) plane. I t is at once apparent, however, th at the atoms cannot all lie strictly in this plane, because such an arrangement would give the (020) structure factor a maximum value, whereas it is actually quite small (F(020) = 34; possible F igure 1. Sorbic acid. Projection on (010).
• carbon ---hydrogen bonds O oxygen ------u n it cell boundary maximum about 166). It is thus almost certain th at the molecular chains are rotated somewhat about their long axes, bringing some of the atoms out of the (010) plane. As a first approximation, however, we may regard the atoms as lying in the (010) plane, without much error as far as the view of the structure along the b axis is concerned. In this preliminary account of the structure we shall not consider rotations of the chain axis.
Further information regarding the orientation of the molecules in the (010) projection is provided by some outstanding features among the intensities of the (hOl) planes. All the atoms must be nearly in p the (£6,00) reflexion (F(16,00) = 75; possible maximum about 80), and the (18,04) is^nearly as strong. Among planes of larger spacing the reflexions from (204) and (004) are the most outstanding.
These and other similar considerations enable us to fix the structure with some certainty, and the result is shown in figure 1 .
The molecules are linked in pairs by hydrogen bonds about the symmetry centres of the crystal, with the long chain axis of the molecule inclined at between 10° and 15° to the a crystal axis. In the structure shown, the hydrogen bonds linking the adjacent carboxyl groups have a length of 2-6A, but this figure cannot be determined with much certainty at present. The values assumed for other bond lengths and valency angles are: C =C = 1-34, C-C conjugated = 1*44, C-C terminal = 1-54A; angles 120°. On this basis the values shown in table 1 are calculated for some of the (hOl) structure factors. The agreements obtained with the measured values show th at the proposed structure is on the right lines. As expected, there are certain discrepancies owing to the fact th at no account has yet been taken of movements bringing the atoms out of the (010) plane.
Magnetic anisotropy : experimental
The diamagnetic anisotropy of sorbic acid crystals is relatively small, and therefore large crystals of mass about 3 mg. were used for measure ment. It was found th at well-developed thick needles could be grown from an 80-100° B.P. petroleum ether solution, by very slow evaporation. The b axis lies along the length of the needles and the side faces are {100} (largest face), {001} {103} {706} and sometimes {10l} {105}. Laue and ro ta tion photographs were taken of smaller crystals optically identical with the larger ones used for the magnetic work.
Magnetic measurements were difficult to obtain accurately, as successive crystals gave different results, and data for the same crystal varied even during the time of observation although no apparent change took place in the crystals themselves (the loss of weight in a large crystal over the time of a single experiment was negligible). In particular the orientation of the crystals was apt to change gradually from an initial stage in which the (100) plane was normal to the field Ht o a fina direction made an angle of 10-20° with the (100) normal, almost as if the molecules were being rearranged by the magnetic field, this change in orientation always being accompanied by a decrease in the anisotropy (yx -y2)-The final readings, however, agreed moderately well for different crystals and are as follows:
Angle Xi ' ■ c > measured positive in obtuse /?, = 80° ( + 10°).
The absolute susceptibility was measured in a mixture of SrBr and NiCl2, the solutions being previously saturated with sorbic acid, which is soluble in HaO. The crystals used were all first examined optically. The measured density was 1*204 at 19°/4°, and /cmIn = -0*598 ± 0*006 ( x 10-6). Hence Xi --55*8, Xz ~ -56*9, y3 = -62*6 ( x 10-6). Th bility is -58*4, as compared with -56*9, the value calculated from Pascal's additive data.
D iscussion of molecular anisotropy
The minimum optical polarizability and maximum diamagnetic suscepti bility coincide in direction in the crystal, both being along the b axis. This coincidence is typical of aromatic compounds, and of aliphatic compounds such as maleic and succinic acids which contain a high proportion of double Lonsdale, Robertson < So Woodward Proc. Roy. Soc., A , vol. 178 bonds. In aliphatic compounds containing only single bonds the maximum diamagnetic susceptibility is along the chain length. Thus in d-mannitol, CH2O H . C H OH . CHOH. CHOH. CH OH . CH2OH, the susceptibility along the carbon backbone exceeds those in the cross-section by 13-3 and 7-7 units (Lonsdale 1939). In respect of dimensions only, one might expect a similar anisotropy in sorbic acid, which contains an equal number of carbon atoms. The direction of the acute bisectrix in an optically positive crystal generally indicates the length of the molecule, which probably, therefore, lies nearly normal to the (100) plane. T hat this is so has already been proved by the preliminary X-ray study.
As far as the molecular dimensions alone are concerned, therefore, one would expect the magnetic susceptibility normal, or nearly normal, to (100) to exceed th at in other directions by 13-3~>7-7 units, whereas in fact the susceptibility y3 along the b axis is 5-7 greater and is only 1*1 less than y2, which is almost coincident with the molecule length in the crystal.
Let us suppose th at the diamagnetic susceptibilities of the sorbic acid molecule in respect of dimensions alone are (along length), (along width) and K z (normal to plane of atoms), and th a t the presence of the conjugated carbon chain terminated by an acid group introduces an added diamagnetism k normal to the plane of the molecule. Then we may expe
). If, as seems most probab y2 and K x coincide, then K x = -56-9, = -49-2, K z = -43*6 ,(x 10-6). The tilt of the molecular normal away from the b axis will be given by 6, where y! = K 2 c os2 6 -f (Kz + k) sin2 6 = -55*8 ( x 10-6),
This calculation is admittedly only approximate, but the results agree well with expectation. The added anisotropy due to the double bond character, -25-6, is about -5-1 for each carbon atom with a double-bond linkage; the same value has been found in all open chain substances so far investigated. I t is worth noting th at this anisotropy is nearly half as much as th at of the benzene ring, although the chain is open. The additional anisotropy found in all these compounds, therefore, is a consequence of the resonance and not exclusively of the cyclic character of the compounds.
A tilt of the molecular normal away from the b axis of the order of ± 35° could easily explain the small value of the (020) structure factor; but it does not necessarily follow that the rotation takes place exactly about the chain axis.
K. Lonsdale, J. Monteath Robertson and I. Woodward

Diffuse spot photographs
When Laue photographs of small crystals were being taken for identifica tion purposes, using X-radiation from a copper target, it was observed th at many of these photographs showed particularly well-developed diffuse spots of different shapes, these being due to the characteristic radiation in the X-ray beam. Examples of these are shown in plates 1-4.
Previous observation had shown th at in layer structures, such as hexamethylbenzene, urea nitrate, etc., the diffuse spot corresponding to the layer plane was large (in all directions, but especially a t right angles to the radial 'white radiation' streak), intense, and persistent over a wide variation of crystal orientation (Lonsdale 1940), while in chain structures, such as those of the paraffins and long-chain fatty acids, the diffuse spots corresponding to planes normal, or nearly normal, to the chain length are very fine streaks. In the sorbic acid photographs both types of spots appear. By comparison of the accompanying diagram (figure 2), which shows planes giving these two types of diffuse spots in the (hOl) zone, with the structure shown in figure 1, it will be seen th a t the large intense spots correspond to planes wdiich are nearly parallel to the chain length, while the fine, streaky spots correspond to planes more nearly perpendicular to the chain length. Other diffuse spots, corresponding to planes not in the (hOl) zone, are:
Large: (110) This list is not intended to be exhaustive, but at least one im portant con clusion may be drawn from a comparison of the relative intensities of the observed diffuse spots. The most intense 'layer' spots are those due to the {113} planes, with {112} next in intensity. This indicates th a t the molecules are tilted, possibly about the mean axis of each dimer, so th a t the atoms lie in planes which are nearly parallel to {113}, or which lie between {113} and {112}. In fact, we find th at {113} planes make an angle of about 3 7 5 and {112} planes an angle of about 27°-5 with (010). The angle of tilt of about ± 35° given by the magnetic results is thus confirmed by the indica tions of the diffuse spots.
F igure 2. Sorbic acid: (hOl) zone.
-• -planes giving bro ad diffuse spots.
mm--planes giving fine diffuse spots.
Such a method of deducing approximate molecular orientations may prove to be very useful in the case of molecules which, though complicated in formula, possess a reasonably well-defined layer or chain character.
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